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I INTRODUCTION 


Low cycle fatigue and thermal fatigue are recognized failure modes for 
structures such as gas turbine components which operate with combined tempera- 
ture and strain cycling. The influence of temperature on low cycle fatigue 
life Is well documented (1,2) but the mechanism by which temperature influences 
the fatigue process is not well understood. Low cycle fatigue life is generally 
acknowledged to be directly related to material ductility; however, ductility 
normally increases with temperature, whereas low cycle fatigue life normally 
decreases. Creep and environmental effects also influence low cycle fatigue 
behavior, but the relative contribution of these two factors is not well defined. 

The subject of thermal fatigue, which involves combined temperature and 
strain cycling, is less well understood than isothermal elevated temperature 
fatigue. Most thermal fatigue studies have involved thermal cycling of specimens 
with complex geometries, where cyclic strain is generated by thermal expansion 
with geometric constraints. While useful for materials screening studies, this 
type of test suffers from the disadvantage that strain and temperature profiles 
are dictated by specimen geometry, and cannot be independently controlled. 

A limited number of thermal fatigue studies have recently been con- 
ducted with independently controlled temperature and strain cycling (3-6) . 

Results of these studies have indicated that fatigue life with thermal cycling 
is generally less than isothermal fatigue life at temperatures within the range 
of the thermal cycle. As with isothermal low cycle fatigue, no generalized 
mechanistic interpretation has evolved to explain thermal cycling effects. It 
is acknowledged that both creep and environmental effects are important. Creep 
is considered particularly important for unbalanced cycles where either tensile 
or compressive creep strain is reversed by nonthermally activated plastic flow. 
Manson has recently developed a strain range partitioning method for analysis of 
unreversed creep effects which has been used with good success to predict fatigue 
life with complex strain-temperature cycles (7). 

The present study was undertaken to provide additional data for eval- 
uation of the strain range partitioning concept, and to provide further insight 
into the mechanism for fatigue life variations with combined strain-temperature 
cycling. Results of recent vacuum thermal fatigue tests on two tantalum alloys 
have indicated that unreversed grain boundary sliding may be more damaging than 
unreversed homogeneous thermally activated flow (5). The present study was an 
extension of the tantalum study to two high temperature iron base alloys (Ar286 
and 304 stainless steel), with testing being conducted in vacuum to separate 
environmental effects from intrinsic effects of temperature on material behavior. 
The influence of thermal cycling on fatigue life was interpreted within the 
framework of the strain-range partitioning concept by correlating microstructural 
damage with various types of reversed inelastic strain cycles involving reversed 
and un reversed tensile and compressive creep deformation. 
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II EXPERIMENTAL DETAILS 


To separate the effects of temperature and environment on fatigue 
behavior, all tests were conducted in an ion-pumped ultrahigh vacuum 
chamber at pressures below 1 x 10"7 torr. Elevated temperature isothermal 
fatigue tests were conducted on 304 stainless steel and A-286 alloy at two 
frequencies (0.65 and 0.00.'5 Hz) to evaluate the relative contribution of 
creep effects to the fatigue process. Test temperatures for the isothermal 
tests were 1200°F (922°K) for the 304 stainless steel and 1 1 00°F (866°K) 
for the A-286 alloy. Tests with combined temperature and strain cycling 
were of two types, as illustrated in Figure 1. The thermal cycled in-phase 
square wave (TCIPS) cycle involved Isothermal tensile strain imposed at a 
high temperature reversed by isothermal compressive strain imposed at a low 
temperature. The thermal cycled out-of-phase square wave (TCOPS) cycle was 
similar except that the temperature and strain phasing were reversed. The 
upper temperatures for these tests were the same as the isothermal test 
temperatures. The lower temperature was 600°F (589°K) for both alloys. 

Tests were conducted over a range of strain amplitudes (as measured by the 
width of the hysteresis loop at zero load) versus cycles to failure. Fatigue 
failure was defined in all cases as complete separation of the specimen into 
two pieces. Fractured specimens were sectioned longitudinally and examined 
metal lographical ly to evaluate the character of the microstructural damage 
associated with each of the applied cycle types. 

Test procedures were essentially identical to those reported for 
previous tests in this laboratory (5,8). Briefly, the test apparatus was 
designed to perform completely reversed push-pull fatigue tests on hour- 
glass specimens using independently programmable temperature and strain 
control. Temperature was programmed using a thyratron-control led 50 KV AC 
transformer for direct resistance heating of the specimen, while diametral 
strain was controlled directly using an LVDT type extensometer coupled to 
a programmable closed loop electrohydraul ic servosystem. For tests with 
combined temperature and strain cycling, the output of the servoampl if i er 
was electronically compensated for thermal expansion so that net mechanical 
strain was controlled directly. 

Supplementary vacuum tensile, creep, and strain partitioning tests 
were also conducted on this program to provide baseline characterization 
data. Details of these tests are presented in the Apendix. 


2 




(a) TCIPS 


(b) TCOPS 



Figure 1. Schematic representation of the two types of thermal-mechanical 
cycles applied in this study. 
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Ill RESULTS AND DISCUSSION 


Test Results 


Typical hysteresis loops generated with each of the four applied cycle 
types are shown in Figures 2 and 3* The isothermal loops were essentially 
symmetrical for both materials, with the load range developed at a constant 
diametral strain range being larger at the higher test frequency. The in- 
elastic strain range developed in the A-286 alloy was smaller than that 
developed in the 304 stainless steel at an equivalent total diametral strain 
range because of the larger loads, and consequently larger elastic strains, 
developed in the higher strength material. Assymetrlc hysteresis loops were 
developed with both types of thermal fatigue cycles. This assymetry was 
caused by the difference in flow stress at the different temperature levels. 
In-phase cycling generated loops having a net compressive stress, while out- 
of-phaso cycling caused a mean tensile stress to be developed. 

In previous thermal cycled tests conducted in this laboratory (5) 
the occurrence of mean tensile and compressive stresses caused geometry 
changes to develop in the hourglass specimens during fatigue testing. These 
geometry changes involved thickening of the test specimen In locations above 
and below the minimum diameter with isothermal and in-phase cycling and 
thinning of the specimen In these same locations with out-of-phase cycling 
(Figure 4) . Similar geometry changes were observed in the 304 stainless 
steel but not in the A-286 specimens tested in the current program (Figure 5) • 
While no definite explanation is available for the occurrence of geometric 
instabilities in the 304 stainless steel but not in the A-286, It may be 
observed that the three alloys which have shown pronounced geometry changes 
in these types of tests (two tantalum alloys and 304 stainless steel) are 
basically high ductility materials, whereas the A-286 Is a relatively low 
ductility alloy. It is not possible to determine from the available results 
if this qualitative correlation is representative of a general trend, or is 
merely coincidental. Additional data on a wider range of materials would be 
highly desirable to clarify this point. 

The above noted geometry changes did not influence the fatigue life 
results for the isothermal and in-phase tests, since the change left the area 
of controlled maximum strain unchanged. However, the out-of-phase geometry 
change was thought to have a significant influence on fatigue life since this 
type of change caused failure to occur at a location separate from the original 
minimum diameter (Figure 5d) . Thus, the failure site represented an area where 
strain was both unspecified and uncontrolled. This qualification applies only 
to the 304 stainless steel TCOPS results, since geometry changes were not 
observed in the A-286 alloy. 
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304 SS 



Figure 2. Typical hysteresis loops observed for 304 stainless steel tested 
with various strain-temperature cycles. 
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ORIGINAJ. SPECIMEN 
CONTOUR (1-1/2" RADIUS) 


ORIGINAL MINIMUM 
DIAMETER (1/4") 


ZONE OF MAXIMUM 
MICROSTRUCTURAL 
DAMAGE 


a) ISOTHERMAL AND IN-PHASE 
THERMAL CYCLING 


Figure k. Schematic illustration of specimen geometry 
thermal -mechan i cal fatigue cycling. 
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b) OUT-OF-PHASE 
THERMAL CYCLING 


changes produced by 
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Fatigue life resuits for both alloys are summarized in Tables 1 and 2. 
The 304 stainless steel alloy displayed cyclic strain hardening, while the 
A-286 alloy exhibited cyclic strain softening. For both alloys, the majority of 
hardening or softening occurred during the first few cycles of testing. The 
stress ranges noted in Tables 1 and 2 represent stabilized loop sizes. For 
the thermal cycled tests, where assymetr teal loops were observed, both 
tensile and compressive stress values are tabulated. 

The life results from Tables 1 and 2 are plotted against longitudinal 
inelastic strain range in Figures 6 and 7- Also shown in these figures are 
life predictions made by the method of universal slopes using the tension 
test results noted in Appendix A. These experimental resuts indicate definite 
effects of both frequency and thermal cycling on fatigue life. Decreasing 
frequency, which increased the potential for creep effects, reduced fatigue 
life for both materials. Combined temperature and strain c,ding caused 
further reductions of fatigue life as compared to isothermal cycling at the 
maximum temperature associated with the thermal cycle. For the A-286 alloy, 
the in-phase type of cycling was more damaging than out-of-phase cycling. 

For the 304 stainless steel alloy the reverse appeared to be true; however, 
the out-of-phase stainless steel results are confounded by the previously 
noted geometry change, so that is probable that the TCOPS 304 stainless steel 
data do not represent the intrinsic capability of the material to withstand 
out-of-phase thermal cycling. At the higher strain ranges, where the 
geometry change was most pronounced, the 304 TCOPS data were below the TOPS 
results. However, at the lowest strain range, where the geometry change was 
smaller, the TCOPS life was larger than the TCIPS life. Based on previous 
results obtained on the tantalum alloys (5), It is considered probable that 
the TCOPS geometric instability would cease to occur, and that the position 
of the 304 stainless steel TCOPS fatigue curve might approach the isothermal 
fatigue curve for this material at lower strain ranges. 

Hlcrostruc t u ral Observations 


Microstructural damage observed in the fatigue tested specie 
varied with both cycle type and test material, as shown in Figures 8 inrough 
15* Neither alloy showed evidence of significant internal damage with iso- 
thermal high frequency cycling (Figures 8a and 9a). Both alloys exhibited 
mixed mode cracking under these test conditions, as shown in Figures 8 and 
9b and c. Some tendency for cracking at tw’n boundaries was also observed 
in the 304 stainless steel (Figure 8C) . Some of the secondary cracks observed 
In A-286 appeared to be associated with carbide Inclusions (Figure 9d). While 
this association was assumed to have some Influence on cyclic life of the 
A-286 alloy, it was not thought to Influence the life deferences caused by 
different types of cycles, since the carbide associated ;racking was observed 
in A-286 for all cycle types. 
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Secondary crack associated 
with carbide approximately 
2* 6mm below fracture surface 


Transgranula r secondary 
crack approximately 2 , 25 mm 
below fracture surface. 


A-286 alloy fatigue tested Isothermal ly at 
longitudinal inelastic strain range 0,007^, 
Tensile axis vertical. Magnification 2GQQX 
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Secondary cracking in the low frequency isothermal specimens was 
exclusively intergranular in both mater 1 a 1 s (Figures 10b and 11b). The A-286 
alloy exhibited little internal damage except for the occasional appearance 
of carbide associated cracks (Figure 11). The 30** stainless steel alloy 
exhibited localized damage at grain and twin boundaries. This damage was 
characterized by boundary serration and localized intergranular cracking 
(Figure 10a) . 

In-phase thermal cycling caused severe internal grain boundary 
cavitation in both alloys (Figures 12 and 13). This grain boundary de- 
cohesion was assumed to be the cause of premature fatigue failure. Boundary 
cavitation was attributed to unreversed tensile grain boundary sliding 
generated by inelastic tensile strain introduced at a high temperature where 
grain boundary sliding occurs, and reversed by inelastic compressive strain 
at a low temperature where grain boundary sliding does not occur. Numerous 
carbide associated cracks were observed in the in-phase cycled A-286 alloy 
(Figure 13d). 

Significant differences were observed between the types of damage 
found in the out-of-phase A-286 and 304 stainless steel specimens. Damage 
in the center of the "bulge" on the 30** stainless steel specimens consisted 
of extensive pitting which tended to be concentrated near grain boundaries 
(Figure 1**a). This pitting was assumed to be an etching effect associated 
with areas of extremely high dislocation density. It is postulated that 
this structure was caused by intragranular strain adjacent to the grain 
boundaries which was required to accomodate accumulated compressive grain 
boundary sliding in the high temperature half cycle. The structure in the 
root of the secondary "neck" of the 30** stainless steel TCOPS specimen 
showed evidence of grain boundary cavitation (Figure l**b) >v . Unfortunately, 
because of the instability problem, the temperature-strain history in the 
failure area was not known, and a specific failure mechanism could not be 
proposed. 

In the lower ductility A-286 alloy, where unreversed compressive 
grain boundary displacements could not be fully accomodated by intragranular 
deformation, significant intergranular cavitation was observed (Figure 15a) . 
Because the out-of-phase geometric instability did not occur in this alloy, 
it was possible to postulate cavitation as the direct cause of premature 
fatigue failure. A number of carbide associated cracks were also observed 
in the out-of-phase cycled A-286 alloy (Figure 15b). Secondary cracking was 
basically intergranular, as shown in Figure 15c. 


This area also contained a number of unusual features having the appearance 
of "stringers," or nonmetallic inclusions parallel to the tensile axis. 
These features were not identified, but were not thought to be associated 
with the failure process. 
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Interior of specimen approximately 
,5mm below fracture surface* 
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Figure 10. 304 stainless steel fatigue tested i sotherma 1 ly at 1200°F (922°K), .0065 Hz 

longitudinal inelastic strain range .0099, cycles tofa i 1 ure . 3602 , Tensile 
axis parallel to long edge of photomicrographs. Magnification 1000X 


(b) Intergranular secondary crack 
approximately 1 * 8mm below 
fracture surface- 
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Figure II. A-2R6 alloy fatigue tested isothermal ly at 1100°F (df>6°K) , .0065 Hz 
longitudinal inelastic strain range . 0072 , cycles to failure 2319. 
Tensile axis parallel to long dimension of photomicrograph. 
Magnification zOOOX. 


(a) Structure in interior of 
specimen approximately 
.3mm below fracture surfa*e, 


(b) Secondary crack approximately 
l.8mm below fracture surface. 
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(b) I ntergranular secondary cracking 
approximately 2,6mm below fracture 
surface. 1000X 


Oum 


Figure 12. 304 stainless steel fatigue tested with in-phase thermal cycling (tension 

isothermal at 1200°F (922°K) ; compression isothermal at 600“F (589°K) , 

.0065 Hz, longitudinal inelastic strain range .0103, cycles to failure 455. 
Tensile axis parallel to long edge of photomicrograph. 
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(d) Grain boundary decohesion 
approximately .3 rim below 
fracture surface. 500X 


{c) Intergranular secondary 
crack approximately 1mm 
below fracture surface. 

5000X 


{ b) Grain boundary decohesion 
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fracture surface. 2000X 
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(d) Carbide initiated internal crack 
located approximately . S 11 ™ below 
fracture surface. 2000X 


Figure 13- A-286 alloy fatigue tested with in-phase thermal cyJ ing (tens [on 

9 isothermal at HOO'F (866°K), compression isothermal at oOO F (589 K) , 

.0065 Hz, longitudinal inelastic strain range .0080, cycles to failure 
350. Tensile axis vertical. 
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30*t stainless steel fatigue tested with out-of-phase thermal cyclin' 
(tension isothermal at 600“F (589°K), compression isothermal at 120 
(922°K), .0065 Hz, longitudinal inelastic strain range .0100, cycle 
failure 311* Tensile axis parallel to tong edge of photomicrograph 
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IV SUMMARY 


Elevated temperature ultrahigh vacuum low cycle fatigue and thermal 
fatigue tests on 304 stainless steel and A-286 alloy have shown significant 
effects of frequency and of combined temperature-strain cycling on cyclic 
life. At temperatures in the creep range, fatigue lives of both materials 
were lower at .0065 Hz than at .65 Hz. Metal lographic examination of 
fractured specimens indicated mixed mode (intergranular and transgranular) 
fracture at the higher frequency and exclusively intergranular fracture at 
the lower frequency. In-phase thermal cycling (tension at high temperature 
and compression at low temperature) caused large life reductions in both 
materials. These life reductions were attributed to grain boundary cavita- 
tion caused by unreversed grait. boundary sliding. Out-of-phase thermal 
cycling (tension at low temperature and compression at high temperature) 
also caused large cyclic life reductions in both materials. These reductions 
were attributed to geometric instabilities in the 304 stainless steel and to 
grain boundary cavitation in the A-286 alloy. The proposed mechanism for 
development of out-of-phase cavitation damage in the A-286 alloy involved 
accumulation of unreversed compressive grain boundary displacements in a low 
ductility material where the displacements could not be fully accomodated by 
intragranular deformation. 
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APPENDIX A 


supplementary tests 


All supplementary tests were conducted in ult^ahigh vacuum using 
hourglass specimens identical to those used for fatigue tests. Tension tests 
were conducted at 1200°F (922°K) on 304 stainless steel, at 1100°F (866°K) on 
A-286, and at 600°F (589°K) on both alloys using a crosshead extension rate 
approximately half way between that associated with the high and low frequency 
isothermal fctigue tests. Properties measured were ultimate tensile strength 
and reduction of area. Creep tests were conducted at constant load on 304 
stainless steel at 1200°F (922°K) and on A-286 at 1100°F (866°K). Reduction 
of area and rupture life were measured in these tests. 

To evaluate the relative importance of creep and cold plastic flow 
in the elevated temperature fatigue tests, supplementary tests were conducted 
to determine the fraction of the reversed inelastic strain range which re- 
press Ued thermally activated deformation at the upper temperature level for 
each of tiu, two test materials. These tests involved measurement of the 
inelastic strain range resulting from load limited strain controlled cycles 
at two different frequencies. The procedure involved repeated low frequency 
(0.0065 Hz) cycling at a specified diametral strain amplitude to develop a 
stabilized hysteresis loop, followed by high frequency cycling at a load range 
equivalent to that observed for the low frequency cycle. Based on the assump- 
tion that the inelastic strain developed in high frequency cycling was essen- 
tially all plastic*, the percentage of thermally activated deformation 
associated with the low frequency cycle was interpreted as the difference 
between the inelastic strain ranges at the two frequencies. 

Results of the vacuum tensile and stress rupture tests are presented 
in TablesA-1 and A-2. Results of supplementary fatigue tests on 304 stainless 
steel are presented in Table A-3. The partitioning of the 304 stainless steel 
inelastic strain range into creep and plastic components at 1200°F (922°K) 
varied with total diametral strain range. Because there was no consistent 
pattern to these results, the e cc component for this material has been specified 
as the average of the three results presented in Table A-3* independent of total 
strain range. Efforts to partit ; on the A-286 inelastic strain range at 1 1 00° F 
(866°K) were unsuccessful. At equivalent load ranges, the total inelastic strain 
was larger at the high frequency than at the low frequency. No explanation 
could be developed for this apparent negative rate sensitivity. 


This assumption was justified by comparsion of strain rates observed in the 
high frequency tests w«th equilibrium minimum creep rates for the two alloys 
at the largest stresses developed in the cyclic tests. For both alloys this 
difference was at Inast four orders of magnitude. 
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Table A-l 


Tension Test Results 





Ultimate 
Tens i le 

Percent 

Test 

Test Temperature 

Stren 

gth 

Reduction 

Material 

ZE 

°K 

ks i 

MN/m z 

of Area 

304 SS 

600 

589 

52.6 

362 

71 

304 SS 

1200 

922 

40.2 

277 

60 

A-286 

600 

589 

157.2 

1083 

29 

A- 2 86 

1100 

866 

141.3 

974 

31 



Table 

A-2 





Creep Test Results 








Percent 


Temperature 

Stress 


Rupture Life 

Reduction 

Material 

~ S F ~^K~ 

ksi 

MN/rr? 

Hours 

of Area 

304 SS 

1200 922 

18.7 

129 

835-7 

60 

A-286 

1100 866 

102.6 

707 

33.1 
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Table 

A- 3 




Strain-Range Partitioning Results on 304 SS Alloy 


Total Low Frequency 
Diametral Strain 

Percent 

Percent 

Range 

e 

cc 

e 

. PP 

.0028 

21 

79 

.0056 

47 

53 

.0112 

36 

64 

Average 

35 

65 
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